Iron is an essential element for eukaryotes as it participates as a redox-active co-factor in many biological processes. Since iron is also potentially toxic, iron levels are carefully regulated. In the yeast Saccharomyces cerevisiae, iron homeostasis is maintained by the transcriptional control of the iron acquisition systems (iron regulon), mainly by the iron-responsive transcriptional factors Aft1p and Yap5p. Intracellular iron is stored in the vacuole, mobilized for other locations when necessary, particularly for the mitochondria, the major site of iron-utilizing pathways. Mitochondria also play an additional role as a sensor for the regulation of cellular iron acquisition and intracellular distribution. Mounting evidence suggest that iron acquisition systems are not only responsive to iron levels but also to signaling pathways. The most recognized is the activation of the iron regulon at the diauxic shift, oppositely regulated by PKA and SNF1 kinases, major regulators of glucose signaling. Hog1p, a MAP kinase involved in stress responses, also negatively regulates iron uptake by phosphorylating Aft1p. In this review, we address organellar signaling and signal transduction pathways that play a major role in the coordination of iron homeostasis with cell growth and division.
Introduction
Iron is a redox active metal ion essential for almost all organisms. It is required as prosthetic group of metalloproteins involved in many important cellular processes, such as metabolism, energy production, ribosome biogenesis, chromosome segregation and DNA biosynthesis and repair (Muhlenhoff and Lill, 2000; Lill, 2009 ). However, excess labile iron is potentially toxic since ferrous iron (Fe 2+ ) is able to reduce hydrogen peroxide, generating harmful hydroxyl radicals via the Fenton reaction (Welch et al., 2002; MacKenzie et al., 2008) . In conditions such as aging, diseases and environmental stress, increased levels of iron aggravate oxidative stress and accelerate cellular damage. Thus, iron levels have to be tightly regulated to assure a continuous supply of iron to the cell, but simultaneously prevent its toxicity.
In organisms unable to extrude iron, e.g., Saccharomyces cerevisiae, the regulation of iron uptake is one of the most critical steps in maintaining iron homeostasis. This review addresses the molecular mechanisms underlying iron sensing, uptake and storage in the budding yeast S. cerevisiae, focusing on the role of organelles (mitochondria and vacuoles) and signaling transduction pathways in the regulation of iron homeostasis and its coordination with cell growth and division.
Iron sensing, uptake and regulation
Though iron is very abundant, it has a limited bioavailability as ferric iron (Fe 3+ ), the predominant form of iron present in the environment, has low solubility. To overcome this limitation, the yeast S. cerevisiae evolved distinct pathways for iron uptake: two low affinity and a high affinity iron uptake systems, and a siderophoremediated iron acquisition system (for extensive reviews, see (Kosman, 2003; Philpott, 2006) ). These iron acquisition systems are regulated mainly at the transcriptional level (reviewed in (Martinez-Pastor et al., 2017) ).
In iron-replete conditions, the uptake of iron is mediated by the low affinity system, composed of Smf1p and Fet4p , that is constitutively activated and provides enough iron to fulfil the cellular needs (Dix et al., 1994; Chen et al., 1999) . Moreover, excess iron is stored in the vacuoles, being delivered mostly by Ccc1p, the only known vacuolar iron importer. In accordance, cells lacking Ccc1p are hypersensitive to high levels of iron (Li et al., 2001) . Interestingly, overexpression of the mitochondrial iron transporters Mrs3p or Mrs4p suppresses the iron sensitivity of ccc1Δ cells, and vacuolar iron import is increased in mrs3Δmrs4Δ cells (Li and Kaplan, 2004; Lin et al., 2011) , indicating that vacuole and mitochondria share a common cytosolic pool of iron.
The cellular adaptation to iron replete conditions is regulated by Yap5p, a member of the basic-region leucine zipper transcription factors involved in stress responses (Fernandes et al., 1997; Li et al., 2008) . Under high iron conditions, Yap5p, which is localized in the nucleus independently of iron levels, becomes activated and induces the transcription of CCC1, GRX4, TYW1 and CUP1 Li et al. 2011b; Pimentel et al., 2012) . Increased Ccc1p results in the import of iron into the vacuole in order to decrease the cytosolic iron pool, preventing cells from the toxic effects of excess iron. Grx4p and Tyw1p may also contribute to decrease available iron by sequestering iron as protein-bound Fe-S clusters (Ojeda et al., 2006; Li et al. 2011b) . Grx4p also ensures efficient inhibition of Aft1p, a low-iron sensing transcription factor, when iron is abundant (Ojeda et al., 2006 ) (see below). The role of the Cup1p, a metallothionein that binds copper, in the response to high iron is still unclear (Liu and Thiele, 1996) . In addition to Yap5p, other factor(s) contribute to iron-induced upregulation of CCC1 transcription, since CCC1 expression is still stimulated in yap5Δ cells (Pimentel et al., 2012) . A recent report showed that CCC1 is also regulated by the transcription factors Msn2p and Msn4p in response to Snf1p (Li et al., 2017) , a protein kinase that also functions as glucose sensor (Hedbacker and Carlson, 2008) . Yap5p and Snf1p seem to act synergistically to regulate CCC1 transcription and iron resistance (Li et al., 2017) (see below) .
When iron availability is low, its uptake is ensured by activation of the iron regulon, a group of genes encoding high affinity iron transporters associated with a reductive or a non-reductive pathway (Philpott and Protchenko, 2008) . In the reductive pathway, Fe 3+ is first reduced to Fe 2+ in the cell surface by the metalloreductases Fre1-2p and then transported to the cytosol through a complex formed by the multicopper oxidase Fet3p and the transmembrane permease Ftr1p (Askwith et al., 1994; Lesuisse et al., 1996; Stearman et al., 1996) . In the non-reductive pathway, iron associates with siderophores and siderophore-Fe 3+ complexes are then transported across the plasma membrane by members of the ARN family (Arn1-4p) (Lesuisse et al., 1998; Heymann et al., 1999 Heymann et al., , 2000a . Iron bound to siderophores can also be reduced by ferric reductases (Fre1p-Fre4p) and transported by the Fet3p/Ftr1p complex (Yun et al., 2001) . The cell wall-associated mannoproteins Fit1-3p are also part of the iron regulon and are involved in the retention of iron-siderophore complexes in the cell wall, facilitating iron uptake (Protchenko et al., 2001) . Both reductive and non-reductive high affinity mechanisms of iron uptake are upregulated in low iron conditions. However, not all genes in the regulon are always equally regulated. Under oxidative stress conditions, iron uptake occurs through the non-reductive pathway to minimize oxidative damage by the ferrous ions, which are formed during iron import through the Ftr1p/Fet3p complexes (Castells-Roca et al., 2011) . Under anaerobic conditions or in cells lacking heme due to HEM1 gene deletion, transcription of FET3 and FTR1 is repressed independently of iron levels, and cells respond to the lack of iron by activating the non-reductive (oxygen independent) iron uptake mechanism (Crisp et al., 2003) .
During iron deficiency, genes involved in intracellular iron redistribution and metabolic reprogramming are also upregulated, diverting the iron pool to essential processes (Yamaguchi-Iwai et al., 1995; Blaiseau et al., 2001) . Because the formation of prosthetic groups such as Fe-S clusters is critical for cellular metabolism (Lill et al., 2012) , most of the available iron is preferentially directed to the mitochondria (Philpott and Protchenko, 2008; Outten and Albetel, 2013) . For that, the mitochondrial high affinity iron importers Mrs3p/Mrs4p are activated (Muhlenhoff et al., 2003; Froschauer et al., 2009) . Other upregulated genes encode proteins involved in iron mobilization from the vacuolar stores, namely the vacuolar metalloreductase Fre6p (Fre1-2p homologue), the high affinity iron transport system Fet5p-Fth1p (Fet3p-Ftr1p homologue) and the low-affinity transporter Smf3p (Spizzo et al., 1997; Martins et al., 1998; Urbanowski and Piper, 1999; Portnoy et al., 2000; Singh et al., 2007) . Activation of the iron regulon also leads to increased transcription of CTH1 and CTH2, resulting in a metabolic adaptation that allows cells to survive under low iron availability (Puig et al., 2008) . Cth1p and Cth2p are paralogous mRNA-binding proteins that facilitate the decay of mRNAs encoding proteins involved in non-essential high iron demanding processes, such as respiration and heme biosynthesis (Puig et al., 2005; Puig et al., 2008) . During prolonged iron deficiency, Cth2p also promotes CCC1 mRNA degradation to downregulate Ccc1p-mediated iron import into the vacuole (Martinez-Pastor et al., 2013) .
The upregulation of Hmx1p (heme oxygenase) is also important for metabolic reprogramming during iron deprivation, as it promotes the degradation of heme (Protchenko and Philpott, 2003) , which lowers the activity of the heme-dependent transcriptional activators Hap1p and Hap2/3/4/5p and, therefore, the transcription of genes involved in aerobic growth, including iron-rich cytochromes (Kwast et al., 1998) . As such, heme degradation not only decreases the flux of iron into respiratory complexes but also directly releases iron. The concomitant transcriptional induction of genes involved in glucose acquisition compensates the repression of respiration (Hausmann et al., 2008) .
Activation of the iron regulon is mediated by the low iron-sensing transcriptional activator Aft1p and its paralog Aft2p (Philpott and Protchenko, 2008; Kaplan and Kaplan, 2009 ). Aft1p and Aft2p have overlapping gene targets as expression of Aft2p alleviates the growth defects of aft1 cells, but may also have distinct targets (Rutherford et al., 2001; Rutherford et al., 2003; Courel et al., 2005) . Aft2p seems to play a preferential role in the regulation of the intracellular iron distribution as it preferentially activates genes encoding Mrs4p (mitochondrial) and Smf3p (vacuolar) transporters (Rutherford et al., 2003; Courel et al., 2005) . The DNA binding domain of Aft1p and Aft2p is located within the N-terminal regions and is well conserved, with 39% identity (Rutherford et al., 2001) . These domains recognize a conserved iron-responsive element (Fe-RE) with the consensus sequence CACCC. Differences in the nucleotide sequence flanking the consensus sequence, particularly on the 5′ side, allow for the preferential binding of Aft1p or Aft2p (Poor et al., 2014 ). Yet, overall, most genes belonging to the iron regulon are preferentially regulated by Aft1p (Philpott and Protchenko, 2008) as evidenced by the fact that cells lacking Aft1p, contrariwise to aft2Δ cells, exhibit reduced iron uptake and severe growth defects in iron-limiting conditions (Rutherford et al., 2001) .
Aft1p, and presumably Aft2p, activity and nuclear localization depend on the cellular iron status. During iron starvation, Aft1p accumulates in the nucleus and activates the transcription of target genes. When iron levels increase, it is exported to the cytosol (Yamaguchi-Iwai et al., 2002) . Nucleocytoplasmic localization of Aft1p is regulated by the importin Pse1p (Ueta et al., 2003) and the exportin Msn5p (Ueta et al., 2007) . Although Pse1p-mediated nuclear import of Aft1p is not affected by the iron status of the cell, the export of Aft1p by Msn5p occurs in an iron-dependent manner. In addition, the export is also regulated by post-translational modification of Aft1p (Ueta et al., 2007) . Phosphorylation of Aft1p-S210 and -S224 residues is important for Aft1p interaction with Msn5p and nuclear export. In accordance, an Aft1p-S210,224A phosphoresistant mutant is localized in the nucleus even in the presence of excess iron (Ueta et al., 2007) . An intermolecular interaction of Aft1p involving the residue Cys291 is also critical for the recognition of Aft1p by Msn5p in iron-replete conditions (Ueta et al., 2007) . Though Aft1p nuclear export requires the interaction of Aft1p with Msn5p, it does not directly regulate Aft1p transcriptional activity, since Aft1p activity is inhibited in msn5Δ cells under iron-replete conditions, despite its constitutive nuclear localization. Instead, the dissociation of Aft1p with its target DNA is the critical step in the inactivation of the iron regulon (Ueta et al., 2012) . This process is not completely understood but seems to involve an inhibitory signaling molecule/complex containing the iron-regulatory proteins (Fra1p/Fra2p) (Kumanovics et al., 2008) and the glutaredoxins (Grx3p/Grx4p) assembled in a Fe-S cluster synthesized in mitochondria (Li et al., 2009; Li et al. 2011a) . A potential role of cytosolic iron as a component of this complex has also been proposed (Wofford and Lindahl, 2015) . Similarly to Aft1p, Aft2p nuclear export may also be regulated by phosphorylation, as the residues S210/S224 are conserved in Aft2p, and Aft2p is also recognized by Msn5p in iron-rich conditions (Ueta et al., 2007) , but evidence for Aft2p phosphoregulation is still lacking.
Organellar signaling in iron biology
Mitochondria play an essential role in iron homeostasis, since they are the main site for Fe-S cluster biogenesis and the only site of heme synthesis (reviewed in (Lill, 2009) ). Mitochondrial Fe-S clusters are essential for cell viability because they generate a still unknown sulfur-containing compound required for the assembly of cytosolic and nuclear Fe-S cluster proteins with key functions in cellular processes such as DNA synthesis and repair, protein translation and chromosome segregation (Lill, 2009 ). The sulfur-containing compound is exported from the mitochondria by the inner mitochondrial membrane ABC transporter Atm1p (Kispal et al., 1999) . Notably, mitochondrial Fe-S clusters play a central role in cellular responses to both high and low iron. Under iron replete conditions, the transcription factor Yap5p is activated by Fe-S clusters and promotes expression of the vacuolar iron importer Ccc1p, playing a major role in decreasing cytosolic iron levels (Li et al., 2012; Rietzschel et al., 2015) . Accordingly, Yap5p activation by high iron is prevented in cells defective in mitochondrial Fe-S clusters biogenesis (Li et al., 2012 ). Yet, the molecule/complex sensed by Yap5p may be distinct from the one sensed by Aft1/2p as Grx3p and Grx4p, required for Aft1/2p inactivation, do not affect Yap5 activation by high iron (Li et al., 2012) .
As referred before, Aft1/2p are inhibited by a signaling molecule/complex formed in the presence of Fe-S clusters produced in mitochondria (Chen et al., 2004; Rutherford et al., 2005) . The decrease in mitochondrial Fe-S clusters production in low iron conditions leads to Aft1/2p activation and, therefore, to increased iron acquisition and repression of non-essential iron-consuming processes. Even in the presence of sufficient amounts of iron, cells with defects in mitochondrial Fe-S clusters biosynthesis exhibit Aft1/2p activation and induction of the iron regulon (Chen et al., 2004) . In contrast, inhibition of the cytosolic/nuclear Fe-S clusters protein assembly has no effect on the induction of the iron regulon (Rutherford et al., 2005) .
Aft1p is also activated at the diauxic shift, when cells growing in glucose medium adjust their metabolism from fermentation to respiration due to glucose exhaustion. At this phase, the mitochondrial volume increases with a concurrent increase in the level of Krebs cycle enzymes and respiratory complexes that contain numerous heme and Fe-S centers. To cope with the increase in mitochondrial iron demand, Aft1p is activated to promote both iron uptake by the cell and intracellular mobilization from vacuolar stores (Raguzzi et al., 1988; Haurie et al., 2003; Philpott and Protchenko, 2008) . The activation of Aft1p at the diauxic shift occurs even in iron-replete conditions. It seems that Aft1p can escape repression by mechanisms involving its modulation by glucose signaling kinases (see below). The increase in mitochondrial iron is essential for respiration, as strains lacking high-affinity iron uptake transporters or yeast grown in media with low concentrations of iron show growth defects on respiratory carbon sources, such as glycerol or ethanol (Dimmer et al., 2002; Protchenko and Philpott, 2003) .
About 70% of the vacuolar iron pool is mobilized at the diauxic shift and used at the mitochondria (Raguzzi et al., 1988) . Mobilization of iron from the vacuole is critical for cells to adapt to the respiratory metabolism, since loss of Fet5p-Fth1p and Smf3p exporters compromises the ability of cells to switch from fermentative to respiratory metabolism (Urbanowski and Piper, 1999; Horie et al., 2017) . In addition, autophagy may play a role in supplying the vacuolar pool of iron at the diauxic shift through proteolysis of iron containing proteins (Horie et al., 2017) . Consistently, autophagy-deficient mutants have respiratory defects in low iron conditions (Horie et al., 2017) .
The vacuolar iron pool may also contribute to the cellular sensing of iron, since the inability to store iron in the vacuoles results in an iron deficiency signal and activation of the iron regulon. Indeed, the decrease in vacuolar H + -ATPase (V-ATPase) activity, which impairs vacuolar acidification and vacuolar iron storage, leads to the activation of an Aft1p-dependent iron deficiency response, even in iron-replete conditions and to the accumulation of excess iron inside the cell (Milgrom et al., 2007; Diab and Kane, 2013) .
Iron regulation by signal transduction pathways
Cells sense and respond to their environment via activation of signal transduction pathways. Most of these pathways rely on phosphorylation networks, reversibly regulated by protein kinases and phosphatases. Notably, Aft1p is phosphorylated when S. cerevisiae enter the diauxic shift, leading to an increase in its transcriptional activity (Casas et al., 1997) . Aft1p phosphorylation is also induced by shifting the cells from fermentative to respiratory substrates, but not by lack of iron (Casas et al., 1997) . Likewise, iron supplementation does not affect the induction of the iron regulon in response to low glucose. This suggests that the activation of the iron regulon by iron depletion is distinct from the activation in response to low glucose signaling. Of note, Aft1p phosphorylation during the diauxic shift may be connected to cell cycle regulation. Indeed, cells start arresting in G1 shortly before the diauxic shift triggered by decreasing glucose levels (Miles et al., 2013) . Moreover, Aft1p is also phosphorylated in cdc28 and cdc25 ts mutant cells shifted to the non-permissive temperature, which leads to a G1 cell cycle arrest (Casas et al., 1997) , and expression of a mutant allele of Aft1p (AFT1-1 up ), which results in Aft1p activation, also results in G1 arrest (Philpott et al., 1998) .
Two major glucose signaling kinases (PKA and SNF1) have been implicated in iron regulation at the diauxic shift, but they do not seem to contribute for Aft1p phosphorylation. Yet, the Aft1p residues phosphorylated at the diauxic-shift have not been identified. These amino acids are likely distinct from those implicated in Aft1p nuclear export (S210 and S224; see above) since Aft1p phosphorylation at the diauxic shift is associated with its activation. Other Aft1p residues (T193 and T369) were reported as phosphorylated (Albuquerque et al., 2008; Holt et al., 2009 ), but its potential physiological role was not ascribed.
Notably, recent studies suggest a link between sphingolipids and Aft1p phosphorylation. We have reported that cells lacking the enzyme inositol phosphosphingolipid phospholipase C (Isc1p) accumulate iron due to Aft1p dephosphorylation (Almeida et al., 2008; Martins et al., 2018) . In this mutant, iron accumulation is completely abolished by expressing a phosphomimetic version of Aft1p-S210/S224 (Aft1p-S210,224D) (Martins et al., 2018) . This suggests that Aft1p phosphorylation at S210 and S224 may respond to lipid signaling, allowing a coordination of cellular responses to iron levels with other cellular cues. Other pieces of evidence support a link between iron and sphingolipids: AFT1-mRNA levels increase upon overexpression of the alkaline dihydroceramidase Ydc1p (Montefusco et al., 2013) ; the Pkh1p and Ypk1p protein kinases, known to be activated by long chain sphingoid bases, mediate the toxicity of high iron levels (Lee et al., 2012) ; iron deficiency leads to a decrease in the levels of Sur2p (Shakoury-Elizeh et al., 2010) , a diiron-binding sphinganine C4-hydroxylase that converts dihydrosphingosine into phytosphingosine (Grilley et al., 1998) , and to the accumulation of dihydrosphingosine (Lester et al., 2013) . Moreover, Aft1p and Aft2p antagonistically regulate the gene encoding for Ddl1p, a novel mitochondrial phospholipase that hydrolyzes mitochondrial phospholipids (Yadav and Rajasekharan, 2016) . These observations suggest that bioactive lipids, known to play important roles as signaling molecules and growth regulators (Kobayashi and Nagiec, 2003) , may also impact and be impacted by iron regulators.
Similarly to Aft1p, the Cth2p mRNA-binding protein, whose expression is controlled by Aft1p, may also be regulated by phosphorylation. Indeed, Vergara et al., showed that Cth2p phosphorylation status depends on its subcellular localization (Vergara et al., 2011) . Cth2p is hypophosphorylated when present in the nucleus and is hyperphosphorylated in the cytoplasm. The role of Cth2p phosphorylation in the regulation of its capacity to promote the decay of specific mRNAs in response to iron deficiency, as well as the identification of the kinase(s)/ phosphatase(s) targeting Cth2p, remain to be elucidated.
Regulation by PKA
The protein kinase A (PKA), which plays a prominent role in promoting growth in response to the carbon source (Tamaki, 2007) , has been implicated in iron regulation. PKA is activated by an increase of cAMP concentration in response to glucose signaling and regulates metabolism (e.g., glycolysis and gluconeogenesis) and stress responses. The PKA holoenzyme is a heterotetramer composed of two regulatory subunits, encoded by BCY1, and two catalytic subunits, encoded by the TPK genes (TPK1, TPK2 and TPK3) (Rolland et al., 2000) .
The Tpk1-3p isoforms have more than 75% homology to each other and are only partially redundant (Toda et al., 1987; Robertson et al., 2000) . An early study suggested a role for PKA in iron homeostasis by showing that Bcy1p is involved in the repression of plasma membrane ferrireductase activity induced by iron limitation in a ras2Δ mutant (Lesuisse et al., 1991) . More direct evidence was obtained in a transcriptomic study comparing the profile of yeast lacking the distinct PKA catalytic subunits (Robertson et al., 2000) . Tpk2p is required for the transcriptional repression of the high-affinity iron-uptake pathway (Fig. 1A) , as many genes involved in siderophore and reductive iron uptake and transport systems are upregulated in tpk2Δ cells (Robertson et al., 2000) . Interestingly, one of these genes encodes the plasma membrane iron permease Ftr1p, which was recently shown to be involved in PKA activation upon replenishment of iron to ironstarved, glucose-repressed cells (Schothorst et al., 2017) . This suggests that a negative-feedback loop may occur to prevent excessive iron uptake during the fermenting phase (in which iron requirement is lower). Tpk1p also plays a role in iron homeostasis, since mitochondrial iron levels increase in tpk1Δ cells. However, this effect may be indirect and result from destabilization of the mitochondrial iron transporter Atm1p due to BAT1 reduced expression in the absence of Tpk1p (Kispal et al., 1996) . Reinforcing its role in iron homeostasis, cells lacking Tpk1p grow poorly in low iron medium (Robertson et al., 2000) .
The role of PKA in iron signaling seems to be conserved, since PKA regulation of high-affinity iron A. The iron regulon is activated mainly by the transcription factor Aft1p in response to low iron levels (not shown) but it is also regulated by glucose signaling, allowing to adjust iron uptake with the iron dependent respiratory metabolism. As glucose is depleted, PKA is repressed and SNF1 complex is activated resulting in the activation of the iron regulon with the concomitant repression of glycolysis and induction of respiratory metabolism (diauxic shift). B. When iron levels are high, Aft1p is inhibited leading to downregulation of the iron regulon. Additionally, the transcription factor Yap5p is activated promoting the expression of the high-iron genes TYW1, CUP1, GRX4 and CCC1. The expression of CCC1 is also regulated by the SNF1 kinase complex, partially through activation of the transcription factors Msn2p and Msn4p. Increased expression of CCC1 enhances the transport of cytosolic iron to the vacuole, preventing the toxicity associated to excess iron. C. In iron sufficient conditions, downregulation of the iron regulon depends on the Hog1p MAP kinase. The monothiol glutaredoxins Grx3/4p and the iron-regulatory proteins Fra1p/Fra2p bind to Aft1p in an iron dependent manner, leading to its dissociation from the iron regulon. Hog1p promotes Aft1p phosphorylation at S210 and S224 residues, which allows the Msn5p-mediated Aft1p translocation to the cytosol. transporters have also been observed in other fungi such as Cryptococcus neoformans (Hu et al., 2007; and Ustilago maydis (Choi et al., 2015) . Yet, it is not known how PKA regulates the iron regulon. An obvious target would be Aft1p. The suppression of the PKA pathway does not prevent Aft1p phosphorylation at the diauxic-shift (Casas et al., 1997) , as expected since PKA negatively regulates the iron regulon and Aft1p is activated at the diauxic-shift. However, the hypothesis that PKA may regulate Aft1p by phosphorylating amino acid residues distinct from those phosphorylated at the diauxic-shift by a yet unidentified protein kinase, leading to Aft1p repression (Ueta et al., 2007) , cannot be discarded.
Regulation by Snf1p
Snf1p belongs to the family of highly conserved AMPactivated protein kinases (AMPK) and, similarly to PKA, plays a major role in glucose signaling and yeast diauxic shift transition. The SNF1 complex is a trimeric complex composed of the Snf1p kinase, the regulatory subunit Snf4p and a member of the Gal83p/Sip1p/Sip2p family of proteins (Hedbacker and Carlson, 2008) . Snf1p is activated in response to glucose depletion, leading to glucose de-repression through inactivation of the transcriptional repressor Mig1p (Treitel et al., 1998) . This is essential for the adaptation of yeast cells to glucose limitation and for growth on non-glucose (less preferred) carbon sources. Snf1p is also involved in responses to other environmental stresses, such as heat shock, alkaline pH or oxidative stress (Hedbacker and Carlson, 2008) . It is activated by phosphorylation of Snf1p-T210 and requires the presence of the Snf4p subunit, a positive regulator of Snf1p kinase activity (McCartney and Schmidt, 2001) .
At the diauxic shift, cells lacking Snf1p or Snf4p exhibit a decreased expression of the iron regulon genes (FTR1, FET3, FIT2, SIT1, and CTH2) (Haurie et al., 2003) (Fig.  1A) . Notably, Aft1p controls the upregulation of the iron regulon in conditions of low glucose, as in response to low iron concentrations (Haurie et al., 2003) . However, Aft1p phosphorylation at the diauxic shift is Snf1p-independent (Casas et al., 1997) . Adding extracellular iron during the diauxic shift does not affect the iron regulon induction, indicating that glucose exhaustion per se is sufficient to activate the Aft1p transcription factor. Yet, the two signals, glucose exhaustion and iron depletion, are not completely independent, since iron depletion (in the presence of glucose) results in phosphorylation and activation of Snf1p (Puig et al., 2008; Li et al., 2017) , as occurs during glucose limitation (Celenza and Carlson, 1984) , promoting the glucose uptake and glycolysis (Puig et al., 2008) . Thus, Snf1p activation contributes to the switch from respiratory to fermentative metabolism, known to occur in iron deficiency (Shakoury-Elizeh et al., 2010) .
Curiously, Sfn1p is also involved in cellular resistance to high iron levels, promoting the expression of the vacuolar iron importer Ccc1p (Li et al., 2017) (Fig. 1B) . The regulation of CCC1 by Snf1p, unlike Yap5p, is independent of Fe-S clusters, but Snf1p is not involved in the general response to high iron, as SNF1 deletion does not affect expression of TYW1, another high iron responsive gene (Li et al., 2011b; Li et al., 2017) . The Snf1p induced CCC1 transcription is partially mediated by the activation of the general stress transcription factors Msn2p and Msn4p (Li et al., 2017) . In accordance with its role in Ccc1p regulation, cells expressing a kinase-dead version of Snf1p are more sensitivity to iron (Li et al., 2017) . In addition to iron, Snf1p may play a role in cellular resistance to other metals, such as lithium (Portillo et al., 2005) , arsenite and cadmium (Thorsen et al., 2009) .
Overall, Snf1p seems to affect iron metabolism at multiple levels, promoting iron acquisition at the diauxic shift to support respiration, suppressing respiration under iron deficiency (making iron available to essential pathways) and preventing the toxicity of high iron levels by inducing vacuolar iron uptake.
Hog1p
Hog1p is a mitogen-activated protein (MAP) kinase involved in a signal transduction pathway that is activated by changes in the extracellular osmolarity. Hog1p activation leads to its import into the nucleus where it regulates gene transcription and cell cycle, although Hog1p also regulates targets in the cytoplasm. Hog1p is also moderately activated by diverse external stresses and stimuli, such as cold stress, heat stress, hypoxia, acetic acid, and low pH (reviewed in (Saito and Posas, 2012) and (Brewster and Gustin 2014) ), as well as upon inhibition of sphingolipid syntesis or exposure to ceramide (Barbosa et al., 2012; Tanigawa et al., 2012) . It is also involved in cellular responses to metals, such as copper (Toh-e and Oguchi, 2001 ) and cesium (Del Vescovo et al., 2008) , and the metalloid arsenate (Sotelo and Rodriguez-Gabriel, 2006) .
We have recently shown that cells lacking Hog1p exhibit lower Aft1p phosphorylation associated with an increase of Aft1p transcriptional activity and intracellular iron levels (Martins et al., 2018) . Moreover, Hog1p interacts with Aft1p and directly phosphorylates this transcription factor at residues S210 and S224 (Martins et al., 2018) (Fig. 1C) . Hog1p-dependent phosphorylation of Aft1p at these amino acid residues was unexpected as they do not constitute a typical Hog1p consensus phosphorylation site (Ser/Thr-Pro) (Mok et al., 2010) . Lack of Aft1p phosphorylation in hog1Δ cells is in accordance with the activation of the iron regulon, as phosphorylation of Aft1p at S210 and S224 residues is important for Aft1p nuclear exclusion (Ueta et al., 2007) . A link between Hog1p and iron homeostasis has been reported for other yeast, though the molecular mechanism is unknown. Like in S. cerevisiae, HOG1 deletion results in increased expression of the iron regulon in Candida albicans (Kaba et al., 2013) and C. neoformans (Ko et al., 2009; Lee et al., 2014) . Furthermore, Hog1p is phosphorylated upon exposure of C. albicans to high iron concentrations, though the role of this modification in the response to high iron is unclear (Kaba et al., 2013) . Surprisingly, in the pathogenic yeast Candida glabrata, the absence of Hog1p leads to the opposite phenotype, with repression of the high-affinity iron uptake system (Srivastava et al., 2015) . Overall, these reports point to a conserved role of Hog1p in the homeostasis of iron.
Conclusions
The study of the mechanisms by which cells adjust iron uptake and mobilization of stored iron in accordance with cellular metabolic state is still at its infancy. Yet, it is conceivable that signal transduction may exert a much broader impact on iron homeostasis than previously thought. A few kinases, namely PKA and Snf1p, have been implicated in the suppression or stimulation of the iron regulon but the mechanisms underlying these processes are largely unknown. Likewise, iron key regulators, such as Aft1p, Cth2p and probably others, were found to be phosphorylated, suggesting they are directly regulated by signal transduction pathways. Still, this has barely been addressed, with only Hog1p identified as a regulator of Aft1p-S210/S224 phosphorylation.
The yeast Saccharomyces cerevisiae has been an important model organism with major contributions to our understanding of how eukaryotic cells adapt to oscillations in environmental iron or intracellular iron requirements. In the near future, we expect that studies using yeast will provide new insights into the role of signaling pathways regulating iron homeostasis through post-translational modification of the Aft1/2p or Yap5p transcriptional regulators or other factors controlling iron uptake and intracellular distribution.
